The characteristics of systems where fluorescence quenching does not follow simple kinetics are discussed and illustrated. The complicating effects discussed include ground-state complexing, transient effects in diffusion-controlled kinetics and feedback from an excited state complex or exciplex. Methods for differentiating these complicating effects are presented as weil as methods for extracting rate parameters from systems where feedback is operating.
When the interaction between anexcited molecule and some other molecule results in the disappearance of the excited state, quenching is said to have occurred. When this phenomenon involves short-lived species (nanosecond or sub-nanosecond) then the kinetics of disappearance of the excited molecule are generally followed by Duorescence quenching ifDuorescence is present, or by the sensitized Duorescence ofthe quencher, if generated. Laser Dash photolysis is also used.
In the typical Duorescent quenching experiment, one measures quantitatively the diminution of either the Duorescent intensity or the Duorescent lifetime of the Duorophor as a function of the quencher concentration. Ideally, both are measured. Frequently, one observes the same second-order rate constant for both the steady-state and transient measurements and is inclined to regard the quenching mechanism as simple. Not-so-simple systems may deviate from this norm in a number of subtle and fascinating ways which can yield insights into the kinetics, mechanism of quenching, and to some extent the nature of the interactions involved. Of special interest is the case where Duorescent quenching is accompanied by spectral changes in the absorption and/or emission spectrum of the system. Unfortunately, the study of these three aspects, namely the spectroscopic behaviour of the system, the transient kinetics of Duorescence quenching and the steady-state kinetics, is seldom carried out in the course of an investigation of a Duorescence quenching mechanism.
It is the purpose oftbis paper to illustrate some ofthe departures from simple kinetic behaviour and to discuss the interpretation of results as they pertain to mechanisms of fluorescence quenching. During the last decade, there has been a significant improvement in the techniques available for fluorescence decay measurements 1 • 2 • 3 • To a lesser extent, the same is true of fluorescence intensity ratio measurements such as are required for the construction for Stem-Volmer plots 4 • Laser techniques are now assuming more importance in fluorescence quenching studies 5 • 6 and the picosecond time range can be studied with mode-locked Iasers 7 • This paperwill deal primarily with certain aspects offluorescence quenching studied by conventional fluorescence decay and steady-state techniques in the nanosecond time range.
As a basis for considering the several interesting effects that complicate fluorescence quenching, the simple case is first given even though it is of course well known.
A ~A* IF is the intensity of fluorescence in the presence of quencher, /~ that for
[Q] = 0, and Ksv the Stem-Volmer constant. Thus k 3 can be determined either from L\(1/t)/A [Q] or from Ksv/t 0 , and in this simple case they must agree within experimental error if this simple description is valid. Both the transient and steady-state measurements should give results that are independent of the wavelength at which the fluoroescence is measured provided the quencher does not absorb in the wavelength region of emission of A. Likewise, if the quantum yield of fluorescence of A is independent of wavelength in the absence of the quencher, and if the quencher does not absorb a significant amount of light in the wavelength region where A absorbs, then the fluorescence quenching results should also be independent of the excitation wavelength. Corrections can be applied if the quencher competes with A for the incident light. Corrections for absorption of the fluorescence of A by the quencher are more difficult and in some cases, virtually impossible to make with the high precision and accuracy generally required for steady-state measurements. This for example, complicates considerably the study of dipole--dipole energy transfer 8 • 
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Some reasons why systems deviate from thesesimple kinetics are as follows: (a) ground-state complex formation between A and Q; (b) so-called transient effects in the kinetics of diffusion-controlled reactions; (c) long-range Förster energy transfer from A* to Q; (d) feedback from an exciplex, excimer or excited-state complex; (e) competition between A and Q for the incident light; (f) polarization effects; (g) quenching of an exciplex, excimer or excited-state complex by either A orQ. Case (e) is generally trivialand frequently can be avoided by the proper selection of excitation wavelength. Corrections can also be made provided the system is optically thin. Cases (a~ (b~ (d) and (g) will be discussed in detail because these represent instances which may be frequently observed when fluorescence quenching is studied in detail.
In case (a), the ground-state complex competes with A for the incident light 9 • 10 • The fraction of light going into A is given by equation 5 where eA and .eAQ are the extinction coefficients for the fluorophor and complex, respecttvely.
We now add the following steps to the simple mechanism
lt is obvious that the fluorescence decay is unaffected by the ground-state complex formation since the complex merely acts as a sink for photons. It is easily shown that the new steady-state equation is (6) where (7) Dramatic discrepancies between steady-state and fluorescence decay measurements are now possible 10 • 11 • F or example, consider the quenching of 3-hydroxynaphthoic acid by a base such as pyridine in toluene 11 • For this system at 298 K, K' is observed to be 970 M-1 whereas k 3 t 0 was only 230 M-1 • At 278 K the discrepancy is even larger with K' = 1770 M-1 whereas k 3 t 0 is 275 M-1 • A typical set ofSternVolmer plots at three temperatures is shown in Figure 1 . These plots illustrate strong concentration dependence of the Stern-Volmer constant and are linear as expected from equation 6. From slopes and intercepts of such plots one can obtain both K' and k 3 t 0 • As can be seen from Figure 2 , the 1/t versus [Q] plots are normal. If ground-state complexing is the only complicating feature of the kinetics, then the steady-state k 3 t 0 should agree with !1(1/t)/ !i [Q] . Table llists some representative data for the hydroxynaphthoic acid--pyridine system in toluene at several temperatures. Similar data are given in Table 2 for the case where acetonitrile was the solvent.
One can also establish the enthalpy associated with the ground-state 637 ...
(pyridine) x 10 3 ,M Figure 2 . Lifetime versus quencher concentration plots for 3-hydroxy-2-naphthoic acid quenched by pyridinein toluene. e, 60°C; a 25°C;.6, 5°C. In systems where one can prepare the excited state of a complex both by direct excitation of a ground-state complex and through bimolecular interaction of its precursors, similar effects are predicted and will be important in the study of the photophysics of these systems.
In the presence of ground-state complexing, Ksv becomes in generat a function of the extinction coefficients of both A and the complex and the possibility exists for wavelength effects in the steady-state quenching, even when there is no spectral evidence for the presence of the complex or only a suggestion of a spectral change on an absorption edge. The anthracene carbon tetrachloride system is a good example of this 4 • 12 where wavelength effects were originally interpreted to be due to a difference in the quenching properties of s1 and s3 but now appear in fact due to ground-state complexing.
Very weak interactions can 15 still give one Keq = 0.5-2 and if eAo/eA ~ 1, then one might expect to see the effects of ground-state complexing-rather frequently. However, for typical fluorophors -r 0 ~ 10-8 s, and k 3 ~ 10 10 M-1 s-1 for efficient quenching. Thus k 3 -r 0 ~ 100 and the effect is difficult to detect if K' is between 0.5 and 2. As the interaction between A and Q approaches the normal non-specific van der Waals type interaction one must consider the influence of Q as the nearest neighbour to A when A undergoes excitation. This effect is presumably covered by the theory of diffusion-controlled reactions (vide infra). However, as will be discussed below, complexes with binding energies in excess of kT, as distinguished from encounter complexes with interaction energies less than kT, can be treated through the ground-state complexing formalism even in the presence of time-rlependent concentration gradients associated with the diffusioncontrolled kinetics. The transient effects of diffusion-controlled kinetics can be viewed as operating only for molecules which are not bound nearest neighbours at the instant of illumination. However, for such systems to be 639 easily treated it is necessary for the quenching reaction tobe very efficientl 3 • 14 . Some aspects of the behaviour of systems which are complicated by the presence of ground-state complexing are summarized in Table 3 . This can be subsequently compared with other effects to be discussed below. The so-called transient effects of diffusion-controlled reactions, which have their origin in the time evolution of concentration gradients in a quenched system, affect both the steady-state and transient quenching kinetics. While the theory of such effects based on a continuum model has been thoroughly developed 16 -2 S, relatively little experimental support for the validity of the modeL even as applied to fluorescence quenching. is to be found in the literature 2 7 • 28 • 29 • Some progress towards remedying this situation has recently been made by Nemzek and Ware who studied naphthalene and 1,2-benzanthracene quenched by carbon tetrabromide in 1,2-propanediol and minerat oil. The viscosity of these solvents is such that even at room temperature one sees significant deviations from simple single exponential decay due to these transient effects.
The continuum model 16 -26 predicts the following transient and steadystate equations: and where
erfc (x) = (2/nt)J: e-u 2 du The decay law accurately follows exp{-(at + bti)}, i.e. equation 8. This is illustrated in Figure 3 . For example, from a series of measurements of the quenching of 1,2-benzanthracene by carbon tetrabromide in propanediol solvent as a function of both temperature and concentration, one can derive unique values for D and R' in equation 8. Plots of log D versus 1/T gave the expected activation energy for diffusion in propanediol (50 kJ/mole) 31 • 32 and the values of R' are approximately 9 ± 1 A. This rather large radius is interpreted to be the distance of separation, on the average, when an actual encounter is inevitable. Its magnitude is presumably dictated by the solvent and solute size and the free volume. e, deconvoluted points; line exp {-At -Bti}. This illustrates that the decay law appropriate to a diffusion-controlled reaction can be recovered without making the a priori assumption as to the form of the law.
The mutual diffusion coefficient D in propanediol was observed to be 20-30 per cent larger than expected, b~sed on measurements by Tyrrell 3 1 · 3 2 but about the same as expected from the measurements by NickeP 3 • In the latter case, it is necessary to extrapolate from measurements in glycerol assuming constant Drt/T. when rt is the viscosity. Only more measurements will resolve this problem.
In Figure 4 are illustrated typical steady-state data for this same quenching system. The dashed line is that predicted from the values of R' and D obtained with fluorescence decay measurements (using equation 8) .
The large discrepancy between theory and experiment can be remedied by addinga ground-state quenching step. Then the steady-state equation becomes where K' is defined above (equation 7) and (1 0 /I)ss is given by equation 9. Equation 14 fits the steady-state data perfectly with K' = 3.2 M-1 at 25°C. This is indicated by the solid line in Figure 4 . Similar results are obtained at other temperatures in propanediol and in minerat oil. These results are taken to indicate that ground-state complexing can be successfully separated from the effects treated by the theory of diffusion-controlled reactions in that we can view separately the weakly bound complex and the time evolution of concentration gradients associated with unbound species. These results when added to the earlier results of Ware and Nouros 29 , provide considerable support for the beliefthat the continuum model is valid for microscopic diffusion of the type encountered where the solvents and solutes are approximately the same size. Furthermore, it gives one considerable confidence in making corrections to kinetic data for these transient effects. One can, for example, proceed as follows: From equation 9 it is easily shown that Lim (Ksv/t 0 ) = 41tR'DN' (1 + R'/{t 0 D}t) (15) [Q]-+ 0 This is to be compared with the equation that pertains to the absence of 643 .:::::
...!. transient effects from diffusion-controlled kinetics, where Figure 5 shows plots of (1 + R'/{ r 0 D}!) for various r 0 , D and R' values. It is clear-from these figures that the corrections can be quite significant. In nonviscous systemssuch as benzene or hexane, it can be shown that these transient diffusion gradients have a much more pronounced influence on the steadystate behaviour than on the fluorescence decay kinetics ofthe system 29 . Thus
whereas as (/ 0 /I)ss is given by equation 9. Thus there arises a discrepancy of (1 + R'/{ r 0 D}l) between the steady-state and the decay-time measurements.
The correction factor can be established once an estimate for D has been made since R' can be calculated to a good approximation from fluorescence decaytime measurements. While this approach is not exact, it is nevertheless a very satisfactory starting point for estimating the effects of diffusion-controlled kinetics. If the efficiency of quenching is considerably less than that predicted by the diffusion-controlled Iimit, this is reflected to a first approximationjn a small value for R', and the correction term (1 + R'/{ r 0 D}t) rapidly approaches unity. Equation 9 predicts that Ksv is a function of the quencher concentration. This has now been verified experimentally for two cases as described above 13 An example of such curvature is shown in Figure 4 . Corrections for diffusion-controlled kinetics can be important in connection with another type of discrepancy between steady-state and decay measurements caused by feedback. This will be discussed below. The characteristic features of these transient effects of diffusion-controlled kinetics are summarized in Table 3 .
There are numerous examples of ßuorescence quenching where any possible energy transfer process is strongly endothermic, a good example being aromatic hydrocarbons quenched by olefins 35 • 36 • To explain the occurrence of quenching it is common to invoke the presence of an exciplex or heteroexcimer as an intermediate. If this exciplex has binding energy excess of kT, then it becomes meaningful to write the following mechanism, which will be recognized as classical excimer kinetics 37 •
The number of rate constants in the above mechanism can be reduced by assuming that the forward reaction to give (AQ)* has a probability p and that the rate of formation of (AQ)* is pkd;rr· Then the mechanism can be simplified to 
Q).
The above photokinetic scheme is described by a pair of coupled ordinary differential equations:
where (20) The driving function 1 8 (t) can be either time-rlependent as in transient studies (a pulse of light) or time-independent as in steady-state experiments.
Steady-state analysis of equations 18 and 19 yields the familiar StemVolmer type equation (21) 645 where (22) In addition, if tPE is defined as the exciplex fluorescence intensity integrated over the exciplex band. and if JF is similarly integrated to yield tPF, then (23) These steady-state equations are important because, when combined with the equations that describe the transient behaviour, in theory they provide a method for obtaining individual rate constants.
The description of the transient behaviour of JF depends on the nature of the time-dependence of / 8 (t), and the temporal response characteristics ofthe fluorescence decay apparatus. The most Straightforward analysis involves considering the response of the system to a o-pulse oflight followed by the use of the convolution theorem 38 to deduce the behaviour in the presence of the driving function / 8 (t) and.instrumental distortions. 
C3 = kJ[Q][A*Jo/().2-).1) (30) and
The rate constants k 1 
This provides a method for obtaining k 4 and kP. If the mechanism is correct, steady-state measurements must provide rate constants or ratios thereof which are consistent with the above transient measurements.
Since (38) it follows that measurements of k 3 and (k 4 + kJ from (). 1 We can obtain k 1 /k 5 from the knowledge of k 3 , k 4 and kP through the use of equation 23. Since k 1 can then be calculated from the quantum yield of fluorescence of the fluorophor and its unquenched lifetime, one thus obtains k 5 , the radiative transition probability ofthe exciplex. One can then calculate tPE, where (39) The above approach can be used at a series of temperatures to obtain temperature coefficients of rate constants. This needs to be done for a number of exciplexes to determine if k 5 = f(T).
One cannot in generat ignore the finite width and decay of I.(t). From the convolution theorem 38 and the ()-pulse response functions it is easily shown that (40) r JEb"(t) =! C 3 (e-).
•'-e-). 2 (41) where /L(t) is I.(t) distorted by the measuring instrument 2 • 3 . The derivation of these equations has been discussed elsewhere 2 Consider for example the quenching of 9,10-dicyanoanthracene by 4,4'-dimethyl-1,1-diphenylethylene in benzene at room temperature 39 • In Figure  6 a typical decay curve for the cyanoanthracene is illustrated and in Figure 7 the deconvolution of this curve by the method of Ware, Doemeny and Nemzek 3 is shown. The resultant two-component decay curve is then further resolved to yield ). 1 Figure 6 into two components using the deconvolution method of Ware, Doemeny and Nemzek 3 followed by curve subtraction. The two lifetimes are 9.0 and 2.6 ns. 41 • It is clear that a detailed description of the photophysics of a system in terms of the rate constants and their temperature coefficients in general involves a rather extensive set of measurements. It is somewhat rare, unfortunately, to see two components in the fluorescence decay of the fluorophor, even when the emission spectrum clearly indicates emission from both A* and (AQ)*. Measurements in the region in which the decay is predominantly due to the exciplex are frequently found to give similar decay curves as obtained from measurements of the decay of A * itself. The decay is very close to a single exponential with a single decay 649 constant A., and frequently A. is found to be a rather strong function of [ Q].
')/L(t-t')dt'
It is not unusual to find for the exciplex that ), follows the equation
If the following approximation is valid
equation 26 can be reduced to equation 42 . This is related to the condition quoted by Birks 37 , i.e.
k4,k3[Q] ~ k1,k2,kp
to which must be added, the more restrictive condition 42
The conditions quoted in equations 43 and 44 thus yield from equation 42 the exciplex decay constant equation 
The residual P; is (51) and one uses Ieast-squares techniques to find AA. 0 , AB and AC, i.e.
The estimated ). is then corrected and its derivatives with respect to A. 0 , B and C recalculated. The calculation is then repeated until a satisfactory convergence is obtained. Grid search methods are also quite satisfactory for this type of analysis. Other methods have been described by Bevington 43 that are more powerful than the Taylor's series expansion.
Another approach 42 to the analysis of the rapid equilibrium case involves starting with
Let 
), is known as a function of [Q] and one can for each concentration obtain the coefficients to equation 58 which is merely a rearrangement of equation 57.
This set of simultaneaus equations can then be solved for k 3 , k 4 and kP. The quenching of cx-cyanonaphthalene by tetramethylethylene provides a good example 42 • 44 of the rapid equilibrium case. A plot of ), versus [Q] for this system at 25°C is shown in Figure 8 and these data are linearized by
, as shown in Figure 9 . Experiments of this type have been performed for several olefins as a function of temperature 42 • Through the use of the various methods described above for the analysis of steady-state and fluorescence decay data, values for k 3 , k 4 and kP were obtained. Values at l7°C for three olefins are shown in Table 4 and typical 652
r-'x 10 3 Figure 10 . Arrhenius plots of several rate parameters for oc-cyanonaphthalene quenched by 1 ,2-dimethylcyclohexene. Arrhenius plots are given in Figures 10 and 11 for cx-cyanonaphthalene quenched by 1,2-dimethylcyclohexane iri hexane 42 • From such temperature studies both the binding energy and the ground-state repulsion energy were obtained. Some representative values are shown in Table 5 . Application of these techniques to a number of systems will hopefully ultimately result in some understanding of the correlation between the physical properties of the pair of molecules that form an exciplex and the properties of the exciplex itself. Several are shown in Figure 12 and Figure 13 . These figures reveal that as the exciplex lifetime gets Ionger the discrepancy becomes greater and eventually curvature develops in ). versus [Q] . These same calculations allow the analysis of the absence of such discrepancies between decay measurements and the steady-state kinetic behaviour. The absence of discrepancies places severe restrictions on the lifetimes of the exciplex that are allowed. Consistent with a given discrepancy there exists a range of exciplex lifetimes corresponding to finite exciplex binding with k 4 i: k-dirr· However, the range ofbinding energies is not large 45 . lt is worth emphasizing that the Iimit of Case A where
OL.
0.5 This ci'n be a useful deduction in the analysis of the behaviour of an exciplex quenching system 45 In other words, the kf of the earlier mechanism becomes dependent upon
[A] and [Q] . The [Q dependence of Ksv is unfortunate because its absence was a distinguishing characteristic of simple feedback systems (see Table 3 ). The new equation for the rapid equilibrium case becomes
The [QJl dependence of ), on [Q] may be diagnostic of this phenomenon and likewise, if ), is found to be a function of [ A ] , and in particular if the functional dependence is linear, one might expect that the exciplex was quenched by [ A] . The author is not aware of any examples of this type of quenching that have been studied quantitatively.
Feedback 45 , as a complication to kinetics of fluorescence quenching, is included in the cases listed in Table 3 , and is compared with the other effects described above. In addition, the complications introduced by Förster dipole-dipole energy transfer 37 are included for the sake of comparison. If Förster energy transfer is possible, then the critical transfer distance should be computed 37 from the donor fluorescence spectrum and the 657 acceptor absorption spectrum. This should be followed by a calculation of the predicted characteristics of the steady-state and transient behaviour 37 • For some of the characteristic properties listed in Table 3 , quantitative comparison of decay laws and steady-state quenching behaviour may be necessary to differentiate the effects of Förster transfer from other complicating effects. Solvent viscosity is also critical.
This discussion has emphasized various special effects as weil as the general problern of recovering kinetic parameters from the exciplex feedback mechanism. The approach discussed above can be summarized by listing what might be called the minimum set of essential experiments needed to sort out the fundamental photophysics of a fluorescence quenching system: In addition, one should obtain the best estimates possible for the diffusion coefficients appropriate to the system. These experiments can then be evaluated with the aid of Table 3 . The steady-state data should first be corrected for the possible effects of transient diffusion gradients by estimating R' from the fluorescence decay studies (if L\(1/t)/a[Q] =F f[Q]). Any residual discrepancy can then be interpreted on the basis of the effects listed in Table 3 .
Variation ofthe temperature is more important than generally appreciated. It can reveal negative temr:erature coefficients which implicate feedbacktype kinetics. For example 2 , in the quenching of a-cyanonaphthalene by 1,2-dimethylcyclopentene in hexane values of K.vfr 0 at 17, 25, 35 and 45°C were found to be 3.0, 2.8, 2.2 and 1. 7 x 10 9 M-1 s-1 , indicating a significant negative temperature coetficient for K.vo consistent with the exciplex feedback mechanism. , In laboratories where serious studies of fluorescence quenching are undertaken, both the steady-state and fluorescence decay instruments as weil as the fluorescence spectrometer should be equipped to operate over a wide range of temperature (-70°C to + 70°C). It is not uncommon to find exciplex emission at low temperature that is not present even at 0°C 46 • Special cell holders are required for quantitative measurements at low temperatures, unless special cell clamps are made for optical Dewar flasks that permit precise reproduction of cell position. Also, serious problems can arise from fluorescence of coolant liquids and for this purpose cold gases or a cooled cell block are preferable. This is critical for Stern--Volmer measurements.
The measurements outlined above will not necessarily produce a definitive description of a quenching system. For example, in the general exciplex quenching mechanism there are a number of rate constants (k 1 , k 2 , k 3 , k 4 , k 5 , k 6 and k 7 ). While the first two are trivially measured if the system is fluorescent, the rest will in general remain a problem. Obviously, transient and steadystate measurements must present a number of measurable features if one is to obtain values for Jive additional rate constants. Even the hope of obtaining k 3 , k 4 and kP or even k 3 /k 4 and k is frequently frustrated by Iack of analysable features or by numbers that fall in an awkward range. It is in this area that the picosecond Iaser will be of great assistance in the study of quenching mechanisms. 658
